Abstract: Optical micromanipulation allows the movement and patterning of discrete microparticles within a liquid environment. However, for manufacturing applications it is desirable to remove the liquid, leaving the patterned particles in place. In this work, we have demonstrated the use of optoelectronic tweezers (OET) to manipulate and accurately assemble Sn 62 Pb 36 Ag 2 solder microspheres into tailored patterns. A technique based on freeze-drying technology was then developed that allows the assembled patterns to be well preserved and fixed in place after the liquid medium in the OET device is removed. After removing the liquid from the OET device and subsequently heating the assembled pattern and melting the solder microspheres, electrical connections between the microspheres were formed, creating a permanent conductive bridge between two isolated metal electrodes. Although this method is demonstrated with 40 µm diameter solder beads arranged with OET, it could be applied to a great range of discrete components from nanowires to optoelectronic devices, thus overcoming one of the basic hurdles in using optical micromanipulation techniques in a manufacturing micro-assembly setting.
Introduction
Micromanipulation technologies such as optical tweezers [1] [2] [3] [4] , acoustic tweezers [5, 6] and dielectrophoresis (DEP) [7] allow the fine and non-invasive control and actuation of discrete micro/nano-scale objects with no physical contact for studies in physics, chemistry and particularly biological and medical science. More recently, optoelectronic tweezers (OET) have been demonstrated as a new opto-electro-fluidic micromanipulation technology using light-patterned DEP for biological applications such as cell sorting, cell patterning and studying cell-to-cell communications [8] [9] [10] [11] [12] [13] [14] [15] . Compared to conventional optical tweezers [16] , which operate by transferring optical momentum from the light beam to the object, OET traps exert a much stronger manipulation force for a given intensity of light, and are well suited for massively parallel manipulation (e.g. 15 ,000 traps at once with just 1 mW of optical power) [8, 12] . OET has also been used to assemble nanoscale electronic and photonic components such as semiconductor nanowires, carbon nanotubes and metallic spherical nanocrystals for microfabrication applications [17] [18] [19] . Additionally, there is a growing interest in using OET to manipulate and assemble large electronic/photonic components with scales of tens up to several hundreds of microns, such as large metallic beads, standard surface-mount-technology components and semiconductor micro-lasers [20] [21] [22] .
Previous work has demonstrated the micromanipulation and assembly of many different particle types using several different micromanipulation techniques including the automated assembly of micro-particles with optical tweezers [23] and the assembly of gold nanoparticles with DEP [24, 25] . These studies show that complex patterns of micro and nanoparticles can be created in liquids but the stability of the assembled structures can depend on the particles. Assembly of single cells into desired arrangements using acoustic tweezing has also recently been demonstrated [6] . One example application of this kind of assembly is the construction of a micro-scale circuit containing small electrical components using OET. For this application, it is necessary to first place the component into the desired position and then to fix it into place. Recently, it has been shown that large metallic beads can be positioned using OET with submicron accuracy [20, 21] . However, a major bottleneck of using OET to assemble these beads and construct a microscale circuit is the lack of the ability to fix the assembled beads in place whilst removing the liquid medium. Previously-reported work has demonstrated the use of a photocurable polymer solution to preserve the positions of the nanowires trapped by OET, which is achieved by immobilizing the nanowires by polymerizing the solution [17] . However, the polymer solution was found to reduce the exerted force on the nanowires significantly due to its high viscosity and conductivity. Additionally, after photocuring the polymer solution, it is difficult to perform further processes on the assembled nanowires. Some components can be held in position whilst the liquid is removed [26] . However, it was also found that as the liquid dries out, the components depending on their geometry may be dragged away from the desired position by buffer's meniscus. Therefore, it is desirable to develop a more widely applicable method of fixing the assembled micro-objects in place in a micromanipulation system whilst removing the liquid medium.
In this work, we have demonstrated the use of OET to assemble 40 µm diameter Sn 62 Pb 36 Ag 2 solder microspheres to form electrical connections with low resistance. After assembling the solder microspheres with OET, we have implemented a new method based on freeze-drying to remove the liquid medium. We freeze the liquid medium in the OET device and then reduce the surrounding pressure to allow the frozen medium to sublimate directly from its solid phase to its gas phase. This method allows the assembled solder beads to be well preserved and fixed in place in the OET device after the liquid medium is removed. Based on this method, we demonstrated using OET to construct a microscale circuit with solder microspheres assembled into a straight line to connect two isolated metal contacts with 200 µm gap. After removing the liquid in the OET device with an optimized step-by-step freeze-drying process and subsequently heating the assembled solder microspheres to melt them together, electrical connections between the isolated metal contacts were formed with resistances as low as 11.6 Ω. Scanning electron microscope (SEM) (Hitachi S4700) images were taken at the interfaces between the two metal contacts connected by the solder microspheres, which showed that the surfaces of the microspheres became textured and physical connections between the adjacent microspheres were formed after the heating and melting process. Analysis suggested that the heating process melted the materials at the surface of the solder microspheres and thus enabled to form electrical connections between adjacent microspheres with much reduced interface resistance. By using these combined techniques, micro-electrical connections between the isolated metal contacts have been successfully created. 
Experimental setup and device structure
Figure 1(a) shows the schematic of the optical setup used in the experiment (a seperate Appendix section is also provided to show experimental details). As shown in the setup, a digital micromirror device (DMD) projector is used to create light patterns which are imaged through the objective of a microscope onto the OET device, which is placed on top of a Peltier cooler. A camera mounted on top of the microscope is used to record experimental images and videos of particles being manipulated in OET for further data analysis. The position of the OET device is controlled by the motorized XY stage while the DMD and camera are kept stationary. A long-pass filter is used to filter out the blue emission from the projector and only the green-red portion of the light emission is projected onto the OET device. A short-pass filter is used in front of the camera to filter out the strong red emission from the projector. This filtering allows the particles to be viewed by bright-field microscopy with just a faint pattern of the intense patterned light from the projector. Figure 1(b) shows a three-dimensional (3D) schematic of the OET device used in this work, which consists of two electrodes, both of them glass slides coated with 600-nm-thick indium tin oxide (ITO). The bottom electrode is also coated with an additional 1-µm-thick hydrogenated amorphous silicon (a-Si:H) photoconductive layer. The two electrodes were attached together by a 150 µm thick spacer to form a chamber where inside contains the sample of liquid medium and the solder beads. In the dark, the impedance of the a-Si:H layer is very high and the applied AC voltage is mainly dropped across this layer. However, when a light pattern is projected on to the a-Si:H layer, the impedance of this layer drops significantly, which makes the voltage drop predominantly across the liquid medium above the illuminated area, thus creating a non-uniform electric field between the dark and illuminated regions in the device chamber. This non-uniform electric field interacts with the samples in the liquid medium producing either attractive (positive DEP force) or repulsive (negative DEP force) depending on their Clausius-Mossotti (CM) factors [7] . Therefore, 'traps' can be created to manipulate the positions of samples in the OET device by controlling the positions of projected light patterns. For the solder microspheres used in this work, they were attracted to the illuminated regions under positive DEP force, as shown in Fig. 1(c) . Figure 1(d) shows the images of the bottom electrode of the OET device used in this work. Compared with conventional OET devices, this bottom electrode has six pairs of specificallydesigned isolated metal contacts with different gaps (50 µm, 100 µm, 150 µm, 200 µm, 300 µm, 400 µm) on top of the a-Si:H layer. Such design is to demonstrate the use of OET to construct a microscale circuit via the assembly of solder microspheres to form electrical connections between the isolated metal contacts. The bottom OET electrode and top OET electrode were mounted together by a 150 µm thick spacer to form a chamber, where the solution containing solder microspheres were injected via pipette. More information of the structure of the OET device and experimental details can be found in the Appendix.
Experiment and discussion

Parallel assembling, freezing-drying and heating solder microspheres
In this work we assembled the micro solder beads into conductive links by light-patterned DEP in a specifically-designed OET device. The device was mounted onto a Peltier cooler on the microscope stage so that once the desired bead arrangement was achieved it could be cooled down, freezing the liquid buffer. Figures 2(a)-(d) show the process of parallel assembly of 40 µm (±5 µm) diameter solder beads in OET to form a straight line to connect two isolated metal contacts.
Videos showing more details of the assembling process can be found in the supplementary materials (Visualization 1, Visualization 2). Shown in Fig. 2(a) is the first step of the assembling process, in which the solder beads were moved to interface with the metal contacts. When a light pattern is used to trap a bead and gradually moves to the metal contact, the bead will follow the light pattern and stop at the edge of metal contact as a strong electrical gradient is formed at the edge of the metal, drawing the beads towards it. However, the metal contacts effectively block the applied electrical fields preventing the beads from being moved further onto them. After manipulating the solder bead to interface with metal contact on each side, more solder beads were precisely manipulated and positioned to fill in the gap to form a straight line, as shown in Figs. 2(b) and 2(c). During the assembling process, multiple light patterns were used to move the beads to fill in the gap and also to fix the solder beads which have already been positioned in place. This parallel manipulation prevents the interactions between the solder beads pushing each other away from their desired positions, allowing the solder beads to gently touch each other. After all the solder beads were assembled, the projector used to produce the light patterns was turned off and the assembled beads would stay in place (see Fig. 2 (d)) [20] . It is worth mentioning that the solder beads can be positioned quickly with high positional accuracy under strong DEP force in the OET device (see Visualization 1, Visualization 2) [20, 21] . Additionally, compared with widely used transfer-printing technology based on using robotic arms and stamps/tips to 'pick and place' targeted objects [27] [28] [29] , OET is capable of performing effective touchless parallel manipulation of objects in the same plane, allowing the solder beads to be precisely assembled next to each other in real time. This makes OET a useful tool to perform the assembly of solder beads or similar metallic micro-objects for potential applications such as device microfabrication and precise circuit construction. It is worth mentioning that OET has been demonstrated to be a compatible micromanipulation technology capable of assembling many different nano-and micro-scale objects, ranging from semiconductor nanowires and carbon nanotubes [17, 18] , to metallic and dielectric particles on the order of tens of microns [10, 11, 20] , to photonic/electronic devices with sizes greater than 100 microns [21, 22] . Additionally, alignment of particles with OET can be made as the assembly is ongoing in a way that would not be possible with either photo or e-beam lithography, giving added flexibility to the fabrication process. Therefore, we believe that OET has a great potential for micro-assembly applications on its own or together with other techniques, such as photolithography and 3D printing, if necessary.
Figures 2(e)-(h) show a complete process of assembling, freeze-drying, and heating the solder beads. This process is not the same process shown in Figs. 2(a)-(d) . Experimental results and discussions of freeze-drying and its influence on bead position will be presented later. As shown in Fig. 2(e) , the solder beads were firstly assembled into a straight line to connect two isolated metal electrodes with a 200 µm gap. Then, the OET device was frozen by the Peltier cooler to preserve the assembled beads (see Fig. 2(f) ). After the liquid medium was removed via freeze-drying (see Fig. 2(g) ), the assembled solder beads were heated and melted to connect with each other (see Fig. 2(h) ). After the heating process, the morphology of the solder bead changes and the physical connections appear at the interface between adjacent solder beads. To provide more details of the morphology change of the beads, SEM images were taken before and after heating the solder beads. Figure 2(i) shows SEM image of the assembled solder beads between the metal contacts after heating, in which the beads show rough and textured surfaces. This contrasts with the solder beads before heating (see Fig. 2(j) ), in which the beads show smooth surfaces. More detailed morphology changes of the solder beads can be found in Fig. 2(k) , in which the fused structure between the adjacent solder beads is formed after the heating process. These SEM images provide clear evidence to show that the heating process melts the solder beads and makes the material on the surface of the bead flow toward the interfaces between the adjacent solder beads, forming the observed fused structure. 
Freeze-drying
After assembling micro particles into a desired arrangement for many applications, it is necessary to remove the liquid medium. This allows the assembled components to be further processed, used as a device or stored in a stable state. However, as the micromanipulation forces are small compared to the forces needed to overcome the surface tension of the liquid medium during the solution evaporating process, the particles will be moved as the meniscus passes over them thus making the assembled structure difficult to preserve. Figures 3(a)-(c) show the influence of the liquid evaporating process on the assembled structure with meniscus passing over it. A video showing the detailed process can be found in the supplementary materials (Visualization 3). It is possible to reduce this effect with organic solutions with smaller surface tension coefficients such as Isopropyl alcohol and Methanol to replace the deionized (DI) water solution. However, it is found that even with organic solutions, the assembled structure cannot be preserved well making it necessary to develop another method to remove the liquid medium from the OET device. To address this issue a method based on freeze-drying was developed. Here we freeze the solution and then reduce the surrounding pressure to allow the frozen medium to sublimate directly from the solid phase to the gas phase. This results in no meniscus passing over the particles, hence preserving their arrangement. Similar procedures have been adopted in micro-electro-mechanical system (MEMS) technologies [30] . Here the problem is that MEMS components that are designed to be free from the surface become stuck if processed in a liquid and then dried out by conventional blow drying. Switching the water with methanol before evaporation, sublimation drying with alcohol, and supercritical drying with CO 2 have all been assessed with both sublimation and supercritical drying producing good results [30] . Shown in Fig. 3(d) is the phase diagram of supercritical drying and freeze-drying, while both cases avoid the direct liquid-gas transition. Supercritical drying requires going from the liquid to the gas phase around the high pressure/high temperature side of the liquid's critical point where the difference between liquid and gas become indistinct. By instead going from the liquid to the solid phase first and then to the gas phase, freeze-drying is easier to implement under a microscope in a typical micromanipulation setting and so this is the process that we developed. To freeze the liquid medium while avoiding moving the OET device, a Peltier cooler was coupled to the bottom of the OET device (see Fig. 1(a) ). After the liquid medium was visibly frozen the OET device was put into a freezer (RS Biotech Eclipse 100) and kept at -80 • C for 10 minutes ensuring the completion of the freezing process. Then, the OET device was transferred to a freeze dryer (Thermo Heto PowerDry LL3000) to sublimate the frozen medium for 30 minutes. After the frozen medium was sublimated, the top ITO electrode of the OET device was removed to expose the assembled solder beads. During the experiment, it was found that a rapid freezing process can move the positions of the assembled solder beads and break the assembled pattern. Therefore, quantitative measurements were carried out to study the influence of freezing process on the finished structure. Fig. 4 are the results of the freezing step with the solder bead before freezing the solution (outlined in white) and after sublimating the frozen medium (outlined in red) under different freezing conditions. Figures 4(a) and 4(b) show the experimental results based on a quick freezing process, in which the Peltier cooler was driven continuously at 3 A for 10 minutes to freeze the liquid medium in the OET device. The temperature profile produced is shown in Fig. 5(a) with the device reaching a temperature of -10 • C in 320 seconds. As shown, the beads moved away from where they are placed under this rapid freezing process. Figures 4(c) and 4(d) show the experimental results under an optimized step-by-step freezing process, in which the Peltier cooler was driven at 1 A for 2 minutes, 1.5 A for 2 minutes, 2 A for 2 minutes, 2.5 A for 3 minutes and 3 A for 5 minutes (see Fig. 5(b) ). In this case, the freezing process is optimized to preserve the assembled solder beads by gradually increasing the input current of the Peltier cooler so that cooling to -10 • C took 540 seconds. Under this step-by-step freezing process, the assembled solder beads can remain where they are placed after the sublimation process, as shown in Figs. 4(c) and 4(d) . The distances moved by the beads are plotted for two different freezing processes and shown in Fig. 4(e) . It can be seen that rapid freezing can move the beads by over 20 microns whilst slowly freezing can keep the bead displacement to less than one micron. These results suggest that the freeze-drying method containing step-by-step freezing and sublimation can preserve the assembled microstructures of solder beads whist removing the liquid solution. Interestingly, under the rapid freezing process, the assembled solder beads didn't move randomly from where they are placed; instead, they moved in a similar direction. This suggests that the movement is due to the crystallization process of the liquid medium, which starts at one side of the device and generates a force to move the beads at the interface between the solid phase (ice) and the liquid phase. For a free liquid droplet on a cold plate, the geometry of the freezing front results in a tip being formed on the frozen droplet [31] . However here we have two plates which the water freezes between producing a predominantly horizontal movement of the freezing front. The crystallization process tends to follow a specific direction pushing the beads along with it in horizontal plane (see Fig. 6(a) ). In the step-by-step slow freezing process, the OET device may be cooled more uniformly allowing the crystallization process of the liquid to start at the bottom of the OET device and proceed vertically through the device inducing less horizontal freezing motion (see Fig. 6(b) ). These results suggest the advantage of using freeze-drying to preserve fragile structures assembled by OET. More details of using freeze-drying to dry out MEMS structures and the advantage of reduced mechanical and thermal stresses were well described previously [30] . 
Shown in
I-V measurement
After assembling the solder beads and subsequently removing the liquid medium via freeze-drying, the OET device was placed on top of a hotplate (Cole-Parmer StableTemp) at 185 • C for five minutes to heat and melt the assembled solder beads (melting point 178 • C -180 • C). The experimental results of assembling, freezing-drying and heating solder beads have been shown in Figs. 2(e)-(k) . The current-voltage (I-V) characteristics of the isolated metal contacts connected by the solder beads were measured by a semiconductor device analyzer (Keysight B1500A) using a probe station (Casca-deMicrotech MPS150). As shown in Fig. 7(a) , the resistances between the isolated metal contacts before and after assembling the solder beads (without heating) were measured to be around 10 8 Ω and 10 7 Ω, respectively. The drop of the resistance is due to the assembled solder beads, however, it is still very large. Figure 7(b) shows the I-V characteristic of the circuit after heating the assembled solder beads and the resistance was measured to be 11.6 Ω. In this case, the assembled solder beads bridge an effective conductive path between the isolated metal contacts, inducing a significant drop of the resistance between the metal contacts. The SEM images show that the heating process melted the material from the surface of the solder beads and formed a fused structure between the adjacent solder beads, significantly reducing the interface resistance between them. The SEM images also show that the adjacent beads are fused together with a contact area over ten microns across. If the lithographically patterned contacts were connected by a single bar of solder tens microns in diameter over the 200 µm gap it is expected that the resistance of this bridge would be less than 1 Ω according to the calculation shown in the Appendix. The fact that the bridge produced is more resistive than this suggests that the measured resistances are still dominated by the interfaces between beads and between the beads and the metal contacts even after the melting stage. Therefore, relevant work is currently on going to reduce the interface resistance by optimizing the heating process such as adjusting the temperature, time and sample's ambient heating environment to create more conductive interfaces between the beads. Since the solder beads have a great potential to be used for creating electrical connections, our future work in this area will focus on using OET to assemble solder beads together with photonic and electronic components to make functional devices. A proof-of-concept demonstration of using OET to assemble solder beads and a micro-sized light-emitting diode (micro-LED) [32, 33] can be found in the Appendix. 
Conclusion
In summary, this work demonstrates how freezing and subsequent sublimation can be used to preserve the arrangement of micro-particles assembled through optical micromanipulation techniques in a liquid environment. We have shown that by using a slow, step-by-step, freezing process micro solder beads can be preserved in a desired arrangement to within one micrometer of their initial positions whereas quickly freezing the solution can cause them to move by tens of microns. We further show that this level of control is sufficient to allow the subsequent fusing together of the solder beads by heating and melting them and that this fused connection has a relatively low resistance. Additionally, the OET device is capable of performing parallel manipulation of solder beads in the same plane, allowing the beads to be precisely assembled and interfaced with each other or other small electronic components which then is an enabling step towards manufacturing electrical circuits using OET rather than pick and place technologies. The freezing and subsequent freeze-drying process developed here however will be more generally applicable to other tweezing modalities such as optical, acoustic or magnetic tweezing allowing the preservation of patterned micro-particles for many applications.
Appendix
Sample preparation
The solder beads used in this work are commercially-available Sn 62 Pb 36 Ag 2 microspheres (Industrie des Poudres Sphériques, France), which are in powder formats as provided from the company. To make the sample for the experiment, the beads were put into a solution, consisting of deionized water with 0.05% volume ratio of non-ionic surfactant TWEEN 20 (SIGMA P9416). Since the solder beads tend to 'clump together' in random complexes and stick onto the surface of pipette, adding TWEEN 20 in the solution can minimize the clumps and help transfer the beads into the OET device. The conductivity of the solution was measured to be 2 mSm −1 after adding the TWEEN 20. To carry out the experiment, the solution containing the metallic microspheres was injected into the OET device at a volume of 10 µL each time using a pipette and the device was biased with a 15 kHz 25 V peak-to-peak AC signal.
Device fabrication
The OET device used in this work consists of a top electrode and a bottom electrode. The top electrode is made from a standard microscope glass slide (2.5 cm × 7.5 cm × 1mm) coated on one side with 600 nm thick ITO by magnetron sputtering (Diamond Coating Ltd, UK) (see Figs 8(a) and 8(b). To make the top electrode, the ITO-coated glass slide was cut to small pieces with sizes around 2.5 cm × 1.5 cm using a diamond scriber. An electrical wire was bonded to the small piece of ITO-coated glass slide using a conductive silver paint (Agar Scientific, Acheson Silver DAG 1415M) and an epoxy resin (Mxbon Waterproof Epoxy-E41A). Image of the top electrode can be found in Fig. 9(a) .
Shown in Fig. 8 is the fabrication flow of the bottom electrode. Compared with the top electrode, an extra photoconductive layer made of a-Si:H was deposited on top of the ITO layer at a thickness of 1 µm by plasma-enhanced chemical vapour deposition (PECVD) (Oxford Instruments PECVD 80+) (see Fig. 8(c) ). On top of the a-Si:H layer, a SiO 2 insulation layer with a thickness of 350 nm was also deposited by PECVD (Oxford Instruments PECVD 80+) (see Fig. 8(d) ). Then, a standard photolithography process was used to define photoresist patterns on top of the SiO 2 layer (see Figs. 8(e) and 8(f)). After the photoresist patterns were formed, reactive ion etching (RIE) (Oxford Instruments RIE80+) was used to remove specific parts in the SiO 2 layer and expose the a-Si:H layer (see Fig. 8(g) ). Then, acetone (CH 3 COCH 3 ) was used to remove the photoresist patterns. The following step was to use standard photolithography to redefine the photoresist patterns (see Figs. 8(h) and 8(i)). After this step, the exposed a-Si:H layer was covered by photoresist while there is no photoresist on top of the SiO 2 layer (see Fig. 8(i) ). After depositing a thin metal layer consisting of Ni/Au (10 nm/ 90 nm) using an electron beam evaporator (Plassys MEB 550S) (see Fig. 8(j) ), a metal lift-off process was used to remove the metal deposited on top of the photoresist. Therefore, specifically-designed metal contacts can be fabricated on top of the a-Si:H layer with SiO 2 insulation layer sandwiched in between (see Fig. 8(k) ). To make the bottom electrode, the ITO-coated glass slide with a-Si:H layer and metal contacts was also cut to small pieces with sizes around 2.5 cm × 1.5 cm. Then, a scratch knife was used to remove the a-Si:H at the edge to expose the conductive ITO layer, where an electrical wire was mounted using silver paint and epoxy as for the top electrode. An image of the bottom electrode can be found in Fig. 9(b) . After the top and bottom electrodes were fabricated, they were attached together by a 150 µm thick spacer to form a chamber, where the liquid medium containing the solder beads was injected via a pipette. This attached electrode pair formed the OET device used in this work.
Used equipment
The equipment used for the experimental setup (see Fig. 2 ) includes a DMD projector (Dell 1510X), a microscope (Olympus BX51 microscope, with motorized Prior Scan111 stage), a Peltier cooler (ETH-127-14-15-RS), an amplifier (Thurlby Thandor Instrument WA31 amplifier), a function generator (TG5011 LX1 function generator), a long-pass filter (Thorlabs FD1R) and a short-pass filter (Thorlabs FES0550). An infrared camera (FLIR E60bx) was also used to measure the temperature profiles of the OET device cooled by the Peltier.
Resistance calculation
A simplified model of solder bar (cylinder) was used to calculate the resistance of the bridge formed by the solder beads. For a single bar of solder with 10 µm in diameter over the 200 µm gap, it is expected that the resistance of this bar would be:
For the solder bead used in this work, the electrical resistivity (ρ) is 0.145 Ω · µm; L is 200 µm; r is 5 µm. Therefore, the resistance of the bar is calculated to be 0.4 Ω. 5.5. Assembling of the solder beads with the photonic device Figure 10 shows the micro-assembly of solder beads to connect with the metal contacts of a micro-sized light-emitting diode (micro-LED) device using OET. The detailed device structure and fabrication procedures can be found in previously reported work [32, 33] .
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